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Abstract

We exploited the crossing muon data, collected in the 50 l liquid argon TPC exposed at the CERN neutrino beam in
1997, to investigate the possibility of identitying the direction of minimum ionizing particle tracks relying only on d-rays
orientation. In this note we show that simple selection criteria allow using d-rays down to very low energy (few MeV) with
high e$ciency and no misidenti"cation of their direction. The Monte Carlo prediction } two recognized d-rays per meter
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of track } is very well matched by the result of the scanning of the experimental data. ( 2000 Elsevier Science B.V. All
rights reserved.

1. Introduction

In the ICARUS/ICANOE experiment we plan to
study upward-going neutrino-induced muon events
[1]. The expected rate is about 5]10~5 m~2 h~1

and the momentum ranges from few GeV to few
TeV, hence they will cross the detector without
stopping. The only way to discriminate them from
the overwhelming downward-going sample, whose
rate is of the order of 1 m~2 h~1, is to rely on
the identi"cation of the direction of the d-rays pro-
duced along the track. These d-rays are practically
emitted in the same direction as the parent ionizing
particle.

Thanks to the "ne grain spatial resolution of the
ICARUS Liquid Argon Time Projection Chamber
(LAr-TPC), the identi"cation and reconstruction of
d-rays tracks could be performed for kinetic energy,
¹, down to few MeV. In this energy range, the
cosine of the angle, H, between the d-ray and the
primary track directions is given by the expression:
cos H+(1#2m

e
/¹)~1@2, independent from the

muon momentum and very close to unity.
Simple analytical calculations, based on the well

known ¹~2 behavior of the d-rays rate [2], suggest
that about one d-rays per meter of track with kin-
etic energy above 10 MeV should be recognizable.
It is nevertheless important to verify on real data
the minimum energy allowing full reconstruction of
the d-ray direction and, as a consequence, the e!ec-
tive rate that one can "nally expect.

From this rate one can determine the minimum
track length that has to be accepted being sure of its
direction. This in turn is related to the actual
up/down detection e$ciency and discrimination
power of through-going muons.

2. The LAr TPC

In order to perform a test of the actual recon-
struction ability of the d-rays direction on real muon
tracks, we took advantage of the data taken with

the ICARUS 50 l LAr-TPC exposed at the CERN
neutrino beam during the 1997 physics run. The
detector and the experimental set-up has been
extensively decribed elsewhere [3]. For sake of
clarity, in this note, we just recall few basic para-
meters.

The LAr-TPC had the shape of a parallelepiped
with top and bottom faces (325*325 mm2) acting as
read-out anode and cathode, respectively, while the
side faces, 475 mm long, supported the "eld shaping
electrodes.

The read-out electrodes were two stainless steel
wire planes with the wires running in orthogonal
directions. The plane facing the drift volume
worked in induction mode while the other was used
to collect the drifting electrons. The plane separ-
ation was 4 mm, the wire pitch 2.54 mm and the
wire diameter 100 lm. The total number of wires
was 128 for each plane. No screen wires were pres-
ent in either plane. The wires were soldered on
a vetronite frame, which supported also the voltage
distributions and the decoupling capacitors.

The cathode and the "eld shaping electrodes
were obtained by metallisation of vetronite boards.
The boards were glued on honeycomb structure to
ensure rigidity. The "eld shaping were horizontal
strips, 1.27 cm wide, spaced 2.54 cm. A high-voltage
divider, made by a series of 14 M) resistors inter-
connecting the strips, supplied the correct voltage
to the strips. The drift high voltage was brought to
the cathode by a commercial ceramic feed-through.

The LAr-TPC was housed into an ultra-high-
vacuum stainless steel vessel, 65 cm in diameter and
170 cm height, for a total volume of 550 l. The
active mass of LAr in the drift volume was 200 kg.
In order to regulate the heat losses, the whole vessel
was partially immersed in a thermal bath of com-
mercial LAr contained in an open air dewar.

The detector was equipped with a standard recir-
culation}puri"cation system. It allowed a recircula-
tion rate of about 5 l of LAr per hour with the
puri"cation "lter working in gas phase. The initial
"lling of the TPC, in liquid phase, took about 2 h.
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Fig. 1. Experimental set-up (top view) of the 50 l liquid argon TPC exposed at the CERN neutrino beam.

An electron lifetime of several milliseconds was
reached after few days from "lling.

The front-end electronics was mounted directly
on the wire frame in order to reduce the input
capacitance of the pre-ampli"ers, which were de-
signed to work immersed in liquid argon. The pre-
ampli"ers were set to work in `quasi-currenta
mode with a RC constant of 6 lm for those con-
nected to the induction plane and 3 ls for those
connected to the collection plane.

Data were taken in the following running condi-
tions.

f High voltage on cathode set to !10 kV corre-
sponding to a drift "eld of 200 V/cm.

f Induction wire plane set to virtual ground
through the pre-ampli"ers.

f Voltage on the collection wire plane set to
#120 V; this corresponded to a drift "eld in
the gap between induction and collection of
300 V/cm, enough to ensure complete transpar-
ency to drifting electrons.

An 8-bit FADC, sampling at 400 ns, digitized the
waveform from each channel. Being the electron
drift velocity 0.91 mm/ls, a full drift length was
collected in +520 ls or 1300 time sampling. To
safely contain it, a DAQ bu!er of 2 kb per channel
was used for a total of 512 kb per event.

The charge deposed by minimum ionizing par-
ticles on a single wire induced a signal with a pulse

height of 10}12 ADC counts and a FWHM of
+6 ls (15 time samples). The RMS noise level,
calculated on a window of 256 time samples, was
less than 1.0 ADC count. Hence, a signal-to-noise
ratio of at least 10 was always available.

The events were written in raw-data format with-
out zero suppression; they were stored locally on
disk and automatically transferred to the main
CERN tape facility through the network.

3. Set-up in the CERN neutrino beam

The layout of the experimental set-up is sketched
in Fig. 1. The detector together with its cryogenic
equipment, argon puri"cation system, vacuum
pumps, veto and trigger counters, trigger and
read-out electronics, data acquisition system, was
installed on a platform at the level of the neutrino
beam between CHORUS and NOMAD.

Immediately upstream of the chamber a double
plane of scintillators, acting as a veto counter, was
installed; downstream of the chamber there was
a 6 mm thick lead sheet followed by a plane of
scintillators, acting as trigger and pre-shower
counter.

Because of the main purpose of the experiement,
the LAr-TPC was complemented by the NOMAD
detector acting as muon identi"er and spectro-
meter.
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Fig. 2. An example of muon track recorded in the ICARUS 50 l
Liquid Argon TPC prototype exposed at the CERN neutrino
beam. The horizontal axis is the drift time; the vertical one is the
wire numbering (top is the collection view, bottom is the induc-
tion one). The visible area in each view corresponds to
472)325 mm2. The muon enters from the top of the picture on
both views. Some d-rays are clearly visible. The NOMAD trace-
back is also drawn (dashed line). The track at the extreme right
of the picture is not matched by NOMAD and exhibits
a showering electron.

The trigger of the LAr-TPC was based on the
coincidence between the down-stream scintillators
and the NOMAD muon trigger planes. Run num-
ber and burst number of the LAr-TPC events were
recorded by NOMAD to allow o!-line matching of
the tracks in the LAr-TPC with the muons recon-
structed by NOMAD. The dead time of the TPC
data acquisition was measured to be lower than 5%,
while the NOMAD dead time was around 15%.

In the case of neutrino runs, the upstream-scintil-
lator planes were used to veto passing through
particles, mostly muons produced by neutrino in-
teractions in the CHORUS detector. A small frac-
tion of the data taking time was spent to record
these muon events with the main purpose of align-
ing the LAr-TPC with the NOMAD detector. This
was performed using the upstream scintillator
planes in coincidence with the other trigger
counters.

4. The d-rays analysis

The latter sample of events (about one thousand)
was used to study the possibility to exploit the
visible d-rays to determine the direction of min-
imum ionizing particle tracks crossing the detector.
In fact, d-rays are emitted with a direction extreme-
ly close to that of the parent ionizing particle pro-
vided that a threshold of few MeV is applied in
their selection. The analysis proceeded through the
following steps.

The whole sample of through-going minimum
ionizing particle tracks was visually scanned. Only
the events containing a muon fully reconstructed in
NOMAD and matching a track in the LAr-TPC
were retained. This requirement safely prede"ned
the direction of the selected tracks in the LAr-TPC.

A track in the LAr-TPC was considered matched
when the NOMAD trace-back passed by at a dis-
tance not larger than 5 cm (to take into account
multiple scattering in the 2 m thick iron magnet
upstream of NOMAD). To avoid ambiguities, no
other tracks in the LAr-TPC had to be present
within 5 cm from the NOMAD trace-back. A total
of 400 events were selected. An example of muon
track in the LAr-TPC, passing the above criteria, is
visible in Fig. 2.

Since the read-out plane of the LAr-TPC was
oriented such that the collection wires run at an
angle 603 with respect to the beam direction, most
of the muon tracks spanned the whole collection
plane (128 wires) and about 75 induction wires.
With this requirement, the track length in LAr was
375 mm. Shorter tracks hitting only partially the
collection plane were rejected. This rejection re-
duced the muon sample of 320 events, correspond-
ing to 120 m of minimum ionizing particle track.

The search and reconstruction of d-rays were
then performed following a series of simple criteria.

f A visible d-ray was de"ned as a track starting as
double ionization on top of the main muon track
in both the collection and the induction views,
and stopping aside of the main track in at atleast
one of the two views. This deviation is due to
multiple scattering acting mainly near the end of
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Fig. 3. Energy distribution of the d-rays: experimental data
(solid histogram) are plotted together with the expected rate
normalized to 120 m of m.i.p. track (dashed curve).

the d-ray range. The separation of the stopping
point from the main track was requested to be at
least 6 mm, namely about one FWHM of a typi-
cal m.i.p. pulse.

f The d-ray direction was trivially de"ned as that
going from the starting point (double ionization
on top of the main track) to the stopping point
(aside from the main track).

f The d-ray kinetic energy was simply calculated
from the reconstructed 3-D range of its track,
knowing that the average dE/dx is about
2.1 MeV/cm practically constant over all the
range.

f Only d-rays with at least three wires hit in one
view and two on the other, corresponding to
a minimum deposited energy of about 2 MeV,
were retained. Also full track containment in the
LAr-TPC was requested.

f Only d-rays with kinetic energy below 30 MeV
(critical energy in LAr) were considered. Above
this value the range in no longer a good es-
timator of the d-ray energy because electrons
start showering.

The above criteria allowed selecting d-rays over
the total 120 m of tracks, namely about 2 d-rays per
meter, with kinetic energy larger then 2 MeV. Re-
markably none was identi"ed with the wrong direc-
tion. The d-rays were distributed as follows: 0 on
132 tracks, 1 on 141 tracks, 2 on 47 tracks; we recall
that each muon track was 375 mm long. As ex-
pected the d-rays energy did not depend on the
muon momentum, as given by the NOMAD spec-
trometer.

In order to understand our results, we compared
th experimental d-rays energy spectrum with the
predicted rate valid for kinetic energy much higher
than the mean excitation energy (¹A188 eV for
argon) [2]:
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To account for the selection requirements two fac-
tors, F

1
, F

2
, were included in Eq. (1). The contain-

ment factor, F
1
, was used to account for the fact

that not all the muon track length was available as
origin of a d-ray because a fraction of it was needed
to contain the d-ray. F

1
decreases with increasing

d-ray energy.
The fraction of events, whose end-point was sep-

arated from the muon track by more than 6 mm in
at least one of the two 2-D views, was evaluated by
means of the multiple scattering formula. The sep-
aration factor, F

2
, was thus computed as a function

of the kinetic energy of the d-rays. F
2

increases with
increasing d-ray energy.

Fig. 3 shows the energy spectrum of the experi-
mental data of this test superimposed to that pre-
dicted with Eq. (1) normalized to 120 m of track.
Note that the maximum rate occurs for a kinetic
energy of 4 MeV and it drops down rapidly at
low-energy side because of the separation require-
ment.

Fig. 4 shows the integrated d-rays spectrum as
a function of the energy threshold normalized to
1 m of track. Data are plotted together with the
predictions. The solid curve gives the rate with no
cuts. The dotted line instead takes into account the
factors F

1
and F

2
: the agreeement with the data is

satisfactory.
The dashed line, which included only the factor

F
2
, has also been plotted because it gives the rate

expected in a large LAr-TPC where the d-rays
containment factor, F

1
, is close to 100%. About
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Fig. 4. Experimental cumulative energy distribution of the d-
rays (solid circles). The expectations are also plotted: the solid
curve gives the rate with no selection cuts, the dotted line takes
into account the factors F

1
and F

2
described in the text, the

dashed one includes only F
2
.

2.25 reconstructed d-rays per meter of track are
predicted with energy above 2 MeV.

5. Conclusion

We demonstrated experimentally that in the
ICARUS LAr-TPC we could make use of the d-
rays kinematics to determine the direction of a min-
imum ionizing particle track crossing the detector.
Slightly more than two d-rays per meter of track
could be fully reconstructed. This implies that the

track direction identi"cation ability is very high: an
e$ciency of 99% is at reach considering only 2 m of
track.

In term of up/down rejection power, for the
study of upward going neutrino-induced muons,
this test is not conclusive due to the limited stat-
istical sample. A larger statistics could be ac-
cumulated using all muon tracks visible in the
50 l LAr-TPC events (a factor of ten more should
be easily reached). On the other hand, a detailed
Monte Carlo simulation, based on the FLUKA99
package, has been performed with high statistics.
The simulation, strengthened by the results of the
present test, predicts an up/down rejection power
better than 10~5. This allows con"rming that the
ICARUS detector is well suited for the study of
through-going muon events. Such a measure will
contribute to a better understanding of the atmo-
spheric neutrino de"cit in a competitive way with
respect to present and planned experiments [1].
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